We describe a novel approach to identify RNA-protein cross-linking sites within native small nuclear ribonucleoprotein (snRNP) particles from HeLa cells. It combines immunoprecipitation of the UV-irradiated particles under semi-denaturing conditions with primer extension analysis of the cross-linked RNA moiety. In a feasibility study, we initially identified the exact crosslinking sites of the U1 70-kDa (70K) protein in stem-loop I of U1 small nuclear RNA (snRNA) within purified U1 snRNPs and then confirmed the results by a large-scale preparation that allowed N-terminal sequencing and matrix-assisted laser desorption ionization mass spectrometry of purified cross-linked peptide-oligonucleotide complexes. We identified Tyr 112 and Leu 175 within the RNA-binding domain of the U1 70K protein to be cross-linked to G 28 and U 30 in stem-loop I, respectively. We further applied our immunoprecipitation approach to HeLa U5 snRNP, as part of purified 25 S U4/U6.U5 tri-snRNPs. Cross-linking sites between the U5-specific 220-kDa protein (human homologue of Prp8p) and the U5 snRNA were located at multiple nucleotides within the highly conserved loop 1 and at one site in internal loop 1 of U5 snRNA. The cross-linking of four adjacent nucleotides indicates an extended interaction surface between loop 1 and the 220-kDa protein. In summary, our approach provides a rapid method for identification of RNA-protein contact sites within native snRNP particles as well as other ribonucleoprotein particles.
The spliceosome catalyzes the two-step trans-esterification reaction that occurs during splicing of nuclear pre-mRNA, i.e. excision of the introns and ligation of the exons. Assembly of the spliceosome is an ordered process and involves the interaction of U1, U2, and U4/U6.U5 small nuclear ribonucleoprotein (snRNP) 1 particles with the intron-containing pre-mRNA and a multitude of additional spliceosomal factors (for review, see Refs. [1] [2] [3] [4] [5] . Although catalysis in the spliceosome appears to be RNA-based, both protein-protein and RNA-protein interactions contribute to the formation of its catalytic core (1) (2) (3) (4) (5) .
The structures of the spliceosomal components are largely solved at the levels of primary structure and RNA secondary structures (3, 5) . Much attention is currently being devoted to the issues of protein and RNP tertiary structures (6) and to the quaternary arrangement both of the individual macromolecules in the U snRNP particles and of these particles in the functioning spliceosome (7).
The U1 snRNP particle from HeLa cells has been extensively investigated in terms of RNA-protein and protein-protein interactions, as it is only of moderate complexity. Thus, a relatively detailed picture of its morphology and tertiary structure (in comparison with other spliceosomal RNPs) has emerged (3, 7, 8) . The seven common spliceosomal Sm proteins (G, E, F, D1, D2, D3, and B) assemble on the Sm site of the U1 snRNA to form a doughnut-like structure (9, 10) . The U1-specific proteins U1 70K and A specifically interact via their N-terminal RNAbinding domains and flanking amino acids with stem-loops I and II, respectively, of U1 snRNA (11) (12) (13) (14) (15) (16) . The U1 C protein does not bind directly to U1 snRNA; its interaction with the RNP is probably mediated by protein-protein interactions (17) . Except for the U1 A protein (18) , the snRNA contact sites at the molecular level of all the other U1 snRNPs remain elusive.
Much less is known about RNA-protein interactions within the other spliceosomal snRNPs. Studies have so far focused on the interaction of only a few U snRNP-specific proteins with their cognate U snRNAs, e.g. the AЈ and BЉ proteins with U2 snRNA (19 -21) , the 15.5-kDa protein with U4 snRNA (22) , and the like-Sm (LSm) proteins with the 3Ј-end of U6 snRNA (23) (24) (25) . In the absence of co-crystals or binding studies with purified components, cross-linking studies add valuable information about contacts between specific snRNPs and snRNAs in assembled particles. To date, most cross-linking studies have involved the 32 P labeling of the corresponding RNA, either in a random or site-specific manner. For example, the U1 70K and Sm G proteins were first identified to contact directly U1 snRNA by UV cross-linking of 32 P-labeled U1 snRNP from HeLa cells (26, 27) . Within other snRNP particles, site-specific cross-linking also provided the first insights into the snRNAprotein contacts. In this manner, the highly conserved U5 snRNP-specific protein Prp8p (yeast homologue of the human U5 220-kDa protein) has been shown to contact several nucleotides of U5 snRNA and at least one position of U6 snRNA in reconstituted yeast U5 and tri-snRNP particles (28, 29) .
However, no method has yet been described that allows the localization of direct RNA-protein contact sites in purified native particles. Here, we present a general approach that allows the rapid identification of RNA-protein contact sites in purified native human U snRNP particles subsequent to UV crosslinking. It combines immunoprecipitation of cross-linked proteins under semi-denaturing conditions, followed by primer extension analysis of the cross-linked RNA moiety. We initially chose native 12 S U1 snRNP isolated from HeLa cells to test the feasibility of our method since this particle is well characterized (see above). In this manner, we identified the exact cross-linking sites between the U1 70K protein and stem-loop I of U1 snRNA at the molecular level. The approach was then extended to the less well characterized 25 S U4/U6.U5 trisnRNP particles purified from HeLa cells. We show a direct interaction of the 220-kDa protein with the four adjacent uridines of the conserved loop 1 of U5 snRNA, suggesting an extended interaction surface between these two components. An additional cross-linking site of the 220-kDa protein in the 3Ј-half of internal loop (IL) 1 indicates that this protein spans the entire 5Ј-stem of U5 snRNA.
EXPERIMENTAL PROCEDURES
Sample Preparation-U1, U2, and U5 snRNPs and U4/U6.U5 trisnRNP particles were prepared from HeLa cell nuclear extracts (Computer Cell Culture Co., Mons, Belgium) by immunoaffinity chromatography using the H20 monoclonal antibody as described previously (30) . 12 S U1 snRNPs were separated from contaminating U2 snRNPs by Mono Q anion-exchange chromatography (31) and stored at a concentration of 2 mg/ml in Mono Q elution buffer. 25 S U4/U6.U5 tri-snRNP particles were obtained from the total snRNP mixture by gradient centrifugation (30) , and peak fractions were pelleted for 6 h at 70,000 rpm (TLA 100.3 rotor, Beckman Instruments). The tri-snRNP pellet was initially redissolved in 20 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithioerythritol, and 250 mM NaCl (buffer A) at a concentration of 1 mg/ml.
UV Cross-linking of Native U snRNPs and Isolated U snRNAs-Two 25-l droplets each containing 2.5 g of 12 S U1 snRNP or 25 S U4/U6.U5 tri-snRNP particles were irradiated on glass dishes at 254 nm with four 8-watt germicidal lamps (G8T5, Herolab, Wiesloch, Germany) in parallel at a distance of 4 cm for 2 min on ice. 50 l crosslinked samples were then incubated with 1 mg/ml proteinase K in the presence of 1% (w/v) SDS for 30 min at 37°C. The snRNAs were extracted twice with phenol/chloroform, precipitated with ethanol in the presence of 20 g of glycogen, and finally dissolved in 6.5 l of CE buffer (20 mM cacodylate-KOH (pH 7.0) and 0.2 mM EDTA). For crosslinking experiments using isolated naked snRNAs derived from native 12 S U1 snRNP or 25 S U4/U6.U5 tri-snRNP particles, 5 g of the corresponding particles were treated with proteinase K, and the snRNAs were extracted and precipitated as described above. The snRNAs were dissolved in the same volume of buffer as described for the intact particles. UV cross-linking was performed as described above, and cross-linked snRNAs were again precipitated in the presence of 20 g of glycogen and dissolved in 6.5 l of CE buffer.
Large-scale Cross-linking of U1 snRNP-Prior to UV cross-linking, 0.8 -1 mg of Mono Q-purified U1 snRNPs was diluted with 12.5 ml of C buffer (32) without glycerol. UV cross-linking was carried out in glass dishes with an inner diameter of 12.5 cm on ice for 2 min at 254 nm at a distance of 3-4 cm from the lamps. The snRNP solutions had a depth of ϳ1 mm in the glass dishes.
Immunoprecipitation of RNA-Protein Cross-links-5 g of crosslinked or non-cross-linked 12 S U1 snRNPs and 25 S U4/U6.U5 trisnRNP particles were incubated with 1% (w/v) SDS for 5 min at 70°C. After cooling to room temperature, Triton X-100 was added to a final concentration of 5% (v/v), and the volume was adjusted to 350 l with phosphate-buffered saline (NaCl (pH 8.0)). The samples were then incubated for 1 h at 4°C with different antibodies against U1 or U5 snRNP-specific proteins bound to 10 l of protein A-Sepharose (Amersham Pharmacia Biotech). After extensively washing with phosphatebuffered saline, the beads were incubated with proteinase K at a concentration of 1 mg/ml in 100 l of buffer A containing 1% (w/v) SDS for 1 h at 37°C. Cross-linked snRNA was extracted with phenol/chloroform, precipitated with ethanol as described above, and finally dissolved in 3.5 l of CE buffer.
The successful identification of specific cross-linking sites (see below) was strictly dependent on the denaturing conditions prior to immunoprecipitation. Changing the immunoprecipitation conditions, e.g. dissociation of the particles in the presence of 1% SDS and then dilution to a final concentration of 0.05% SDS, does not allow the detection of specific RNA-protein interactions in cases where the protein itself is involved in strong protein-protein interactions (for example, the U5 220-and 116-kDa proteins; see "Results"). Accordingly, immunoprecipitation with an antibody against the U5 116-kDa protein under such conditions coprecipitates the U5 220-kDa proteins (data not shown).
Primer Extension Analysis of Cross-linked U1 and U5 snRNAsPrimer extension analysis of U1 and U5 snRNAs derived from crosslinked 12 S U1 snRNP and 25 S U4/U6.U5 tri-snRNP particles, respectively, or obtained after immunoprecipitation was performed with a 5Ј-32 P-labeled oligonucleotide complementary to nucleotides 63-77 of U1 snRNA and nucleotides 83-103 of U5 snRNA. Primer extension analysis using 2 units of avian myeloblastosis virus reverse transcriptase (Seikagaku) per reaction was carried out as essentially described (33) . The reaction was stopped by adding loading buffer (50% (w/v) urea, 0.5ϫ Tris borate/EDTA (pH 8.3), 0.025% (w/v) bromphenol blue, and 0.025% (w/v) xylene cyanol) and boiling for 3 min. Sequencing ladders were generated from in vitro U1 and U5 snRNA transcripts (Ribomax, Promega) using 0.5 mM dideoxy-NTPs under identical conditions. Transcripts were separated on a 50% (w/v) urea and 9.6% polyacrylamide (20:1) nm. An aliquot of each fraction was precipitated with 5 volumes of acetone and analyzed by 13% SDS-polyacrylamide gel electrophoresis and subsequent silver staining. snRNA-containing fractions were pooled and precipitated with 3 volumes of ethanol, washed with 80% ethanol, and dissolved in 25 mM Tris-HCl (pH 7.8) and 2.5 mM EDTA. snRNAs were digested with 10 g of RNase A or 10 g of RNase T1 (Ambion, Inc.) for 2 h at 50°C. The snRNA oligonucleotide pool was subjected to a second incubation with 1 g of the respective endoproteinases for 16 h at 37°C. Digestion was stopped by injection onto an RP-HPLC C 18 column (Vydac, Hesperia, CA) running at 5% solvent B. Solvent A was water and 0.1% trifluoroacetic acid, and solvent B was acetonitrile and 0.085% trifluoroacetic acid. Isolation of the cross-linked peptide-oligonucleotide heteromers was achieved at a flow rate of 100 l/min with the following gradients: first, isocratic elution at 5% solvent B for 30 min, then 5-45% solvent B for 120 min, and finally 45-90% solvent B for 20 min. An additional isocratic step that varied in time was performed at 10% solvent B until the base line was reached. The absorbance was monitored at 220 and 260 nm. Fractions with absorbances at both 220 and 260 nm were dried under vacuum and subjected to automated N-terminal sequence analysis in a PROCISE TM protein sequencer (Applied Biosystems Inc., Foster City, CA) and to MALDI-MS analysis. MALDI-MS of the cross-linked peptide-oligonucleotide complexes was performed essentially under conditions described previously (34, 35) , but without an ion-exchange procedure before measurement.
RESULTS
Cross-link Identification Strategy-Our method for the identification of RNA-protein contact sites in native snRNP particles from HeLa cell nuclear extracts combines (i) UV crosslinking, (ii) immunoprecipitation of cross-linked proteins under semi-denaturing conditions, and (iii) primer extension analysis of the cross-linked snRNA moiety in the precipitate. The overall strategy is schematically outlined in Fig. 1 for U1 snRNP. UV cross-linking at 254 nm of an RNP particle generates a direct cross-link between a specific protein and an RNA base whenever the two components occupy favorable relative positions. In the first experiment (Fig. 1A) , dissociation of the cross-linked particle and subsequent digestion with proteinase K are followed by identification of the exact cross-linking site by primer extension analysis. Cross-linked nucleotides are detected as discrete reverse transcriptase stops because a few amino acid residues of the cross-linked protein always remain covalently attached to the base of the RNA. The actual crosslinking site is interpreted as occurring one nucleotide upstream from the stop site of the reverse transcriptase. As an initial approach to distinguish between stops due to intra-and inter-RNA cross-links or UV-induced RNA strand breaks and those stops that are due to a cross-linked protein, cross-linking experiments were carried out with naked RNAs isolated from purified RNP particles. Comparison of the reverse transcriptase patterns of the two experiments allowed the identification of putative RNA-protein cross-linking sites on the RNA.
To identify the snRNP-specific proteins cross-linked to the nucleotides identified in the first experiment, we combined immunoprecipitation of a single denatured cross-linked RNAprotein product with primer extension analysis of the crosslinked RNA moiety. The approach is outlined schematically in Fig. 1B . After UV irradiation at 254 nm, the snRNP particles were dissociated in the presence of 1% SDS at 70°C and cooled to room temperature, and then Triton X-100 was added to a final concentration of 5% (36) . Under such conditions, where the protein-protein interactions are completely disrupted, the antibody should precipitate only a single snRNP-specific protein with the cross-linked snRNA. After digestion of the immunoprecipitated protein with proteinase K, the RNA was analyzed by primer extension analysis as described above to identify the exact cross-linking sites on the RNA corresponding to the precipitated protein. Non-cross-linked RNA as well as other proteins should not be coprecipitated (Fig. 1) . Ideally, in the primer extension analysis of the immunoprecipitated sample, no full-length RNA should be detected. However, in practice, the bands due to the stops at the cross-linking sites of the precipitated protein have intensities significantly greater than that of the background.
Identification of Cross-linking Sites in Stem-loop I of U1 snRNA for the U1 70K Protein by Immunoprecipitation Combined with Primer Extension Analysis-We used HeLa U1
snRNPs as a test system for investigating the RNA-protein interactions in native snRNPs. This HeLa snRNP was chosen for the following reasons. (i) U1 snRNP is the best characterized particle in terms of RNA-protein interactions among all human snRNPs. For example, the U1 70K protein can be crosslinked to U1 snRNA with high yield (26, 27) . (ii) Although binding studies have shown that the U1 70K protein specifically interacts with stem-loop I of U1 snRNA (11, 12) , the exact cross-linking sites have not yet been identified. Our approach thus provides an opportunity to identify these sites exactly and to test the results by seeing whether the U1 70K protein crosslinking site(s) are congruent with the interaction site in stemloop I. Therefore, we chose a cDNA primer complementary to positions on the 3Ј-side of a putative cross-linking site, namely positions 63-87 of stem-loop II. Fig. 2A shows the primer extension analysis of UV-irradiated naked U1 snRNA isolated from U1 snRNP by phenol extraction (lanes 1 and 2) in comparison with U1 snRNA isolated from UV-cross-linked U1 snRNP after treatment with proteinase K (lanes 3 and 4) . Natural, strong reverse transcriptase stops on U1 snRNA occur at U 45 to G 38 within stemloop I, as these stops are present irrespective of irradiation (compare lanes [1] [2] [3] [4] . These stops were not investigated in detail. Strong reverse transcriptase stops at C 31 to A 26 in stem-loop I were observed only on U1 snRNA isolated from UV-cross-linked U1 snRNPs, but not on irradiated naked U1 FIG. 1. A, primer extension analysis for detection of RNA-protein cross-links in RNP particles as illustrated for U1 snRNPs. UV-cross-linked snRNPs were dissociated; the protein moiety was digested with proteinase K; and snRNAs were extracted. RNA-protein cross-linking sites were then identified by primer extension, as a few amino acids remain covalently attached to the cross-linked bases on the RNA. The actual cross-linking site is located one nucleotide upstream from the site of the stop of the reverse transcriptase. See "Experimental Procedures" and "Results" for further details. B, overall strategy for the identification of a single RNA-protein cross-linking site in UV-irradiated RNP particles as illustrated for U1 snRNPs. Immunoprecipitation with antibodies against U1 snRNP-specific proteins (e.g. the U1 70K protein) performed under such conditions where the UV-cross-linked particle was completely dissociated (1% SDS and 5% Triton X-100; see "Experimental Procedures") led to the isolation of a single protein together with its cross-linked RNA component. Following digestion of the precipitated protein moiety with proteinase K, the RNA was extracted; and subsequently, a primer extension analysis should reveal the exact cross-link site on the RNA corresponding to the precipitated protein. See "Experimental Procedures" and "Results" for further details. snRNA ( Fig. 2A, compare lane 4 with lane 2) , indicating that nucleotides one position 5Ј to the stop sites (see above) must be cross-linked to a U1 snRNP in native particles.
To determine whether the reverse transcriptase stops observed in the initial experiment ( Fig. 2A, lane 4) were indeed due to a cross-link with the U1 70K protein (as expected for those reasons stated above), we employed the immunoprecipitation procedure outlined above using a monoclonal antibody (H111) (8) against the U1 70K protein. Fig. 2B shows the primer extension analysis of U1 snRNA after UV cross-linking of the U1 snRNP particles and immunoprecipitation with the anti-70K protein antibody in the presence of SDS/Triton X-100. Strikingly, strong reverse transcriptase stops were observed only at A 29 and C 31 of stem-loop I of U1 snRNA in the UVirradiated sample. Both stops are significantly enriched (Fig. 2 , compare A (lane 4) with B (lane 2)) and are located at positions of U1 snRNA at which RNA-protein cross-links were detected in the initial experiment (C 31 to A 26 ) (Fig. 2A) . In control experiments carried out with antibodies specific for other U1 snRNPs such as the U1 C protein or the Sm proteins, no reverse transcriptase stops in stem-loop I were detected (data not shown). We thus conclude that G 28 and U 30 , located one nucleotide on the 5Ј-side of the stops at A 29 and C
31
, respectively, are two independent cross-linking sites for the U1 70K protein (Fig. 2C) .
N-terminal Sequencing and MALDI-MS Analysis of U1 70K Peptides Cross-linked to Stem-loop I of U1 snRNA-
The relatively large amount of U1 snRNP purified by anion-exchange chromatography (31) enabled us to verify our immunoprecipitation results by an independent method, i.e. by isolation and sequencing of cross-linked U1 70K peptide-oligonucleotide complexes. A similar approach was recently described for several ribosomal proteins isolated from UV-irradiated ribosomal subunits (34, 35, 37) . Fig. 3 shows the purification strategy for the isolation of cross-linked peptides from U1 snRNPs. Purified 12 S U1 snRNPs were UV-irradiated at 254 nm, dissociated in the presence of 8 M urea, and digested with various endoproteinases (see "Experimental Procedures"). Cross-linked peptide-snRNA complexes were enriched by size-exclusion chromatography, and the snRNA thus isolated was digested with ribonucleases T1 and/or A. Cross-linked peptide-oligonucleotide complexes were then separated by RP-HPLC. Peak fractions eluting from the RP-HPLC column that showed a strong absorbance at both 220 and 260 nm are good candidates for peptides (220 nm) cross-linked to oligonucleotides (260 nm) (37). Each peak was collected and subjected to automated Nterminal sequencing and MALDI-MS. N-terminal sequencing revealed the cross-linked amino acid residue of the peptide moiety because a gap is expected to occur at the position of the cross-linked amino acid during analysis of the Edman degradation products (37) (38) (39) . In addition, MALDI-MS analysis of the cross-linked peptide-oligonucleotide complex allows the identification of the cross-linked oligonucleotide (34, 35) .
In this manner, we identified two different peptide stretches of the U1 70K protein cross-linked to U1 snRNA oligonucleotides after digestion of the native UV-irradiated U1 snRNPs with trypsin and ribonuclease T1. The two peptides coeluted within the same fractions upon RP-HPLC (data not shown). The analysis of the Edman degradation products of the tryptic fragments is shown in Fig. 4 . The major sequence was identified as RVXVDVER (where X is an unknown amino acid) and corresponds to a tryptic fragment of the U1 70K protein spanning positions 173-180, RVLVDVER. The minor sequence is read as VNXDTTESKLR, corresponding to a tryptic fragment of the U1 70K protein from positions 110 to 120, i.e. VNY-DTTESKLR. Importantly, Leu 175 of the major sequence and Tyr 112 of the minor sequence were absent in cycle 3 of the analysis (denoted as X in Fig. 4) , thus confirming that both Size-exclusion chromatography separated snRNAs and snRNAs that carry cross-linked peptides from the non-cross-linked peptide moiety. Cross-link-enriched snRNAs were digested with endoproteinase T1 or A, and cross-linked peptide-oligonucleotide complexes were then separated by RP-HPLC. RP-HPLC fractions with absorbances at 220 and 260 nm were collected and analyzed by automated N-terminal sequencing and MALDI-MS analysis. N-terminal sequence analysis revealed the cross-linked amino acid because a gap in the analysis of the Edman degradation products occurs at the site of the cross-linked amino acid (37) (38) (39) . MALDI-MS of the cross-linked peptide-oligonucleotide complex identified the oligonucleotide part. The mass difference between the complex and the sequenced peptide reveals the composition of the cross-linked oligonucleotide (34, 35) . amino acid residues are cross-linked to the U1 snRNA within the U1 70K tryptic peptides.
An aliquot of this fraction was subjected to MALDI-MS (Fig.  5) to determine the mass of the cross-linked peptide-oligonucleotide complex. The difference between the mass of the crosslinked peptide-oligonucleotide complex and that of the peptide alone (RVLVDVER, [M ϩ H]ϩ ϭ 985.6, and VNYDTTESKLR, [M ϩ H]ϩ ϭ 1325.7; cross-linked amino acids are underlined) allows the determination of the composition of the cross-linked oligonucleotide (34, 35) . MALDI-MS analysis of the fraction showed a mass peak of 3020.2 (Fig. 5A) , but a mass difference of either 2034.6 or 1694.5, respectively, does not correspond to any T1 fragment of U1 snRNA sequence. However, it is well known from MALDI-MS analysis of oligonucleotides that a variety of metal counterions interact with the phosphate backbone, causing multiple or "false" mass peaks of cross-linked complexes with increasing numbers of nucleotides (40) . In fact, the exact mass of a large cross-linked complex could previously be determined only after performing an ion-exchange procedure (34, 40) . Taking this into account, the mass of 3020.2 corresponds to a T1 oligonucleotide of U1 snRNA with the nucleotide composition G 1 A 2 Y 3 (where Y is pyrimidine since C and U differ by only 1 mass unit) with four Mg 2ϩ ions attached, cross-linked to the major tryptic fragment of the U1 70K protein, RVLVDVER ( Fig. 5C ; see figure legend for further details). Only one T1 fragment matches this calculated composition, namely 5Ј-AUCACG-3Ј from positions 29 to 34 of stemloop I. This was verified by further MALDI-MS analysis of the fraction after partial hydrolysis (Fig. 5B) . The spectrum shows multiple mass peaks (designated b-f), which are analyzed in Fig. 5C . They correspond to the hydrolysis products of the U1 snRNA oligonucleotide still cross-linked to the 173 RVLVD-VER 180 U1 70K tryptic peptide. The cross-linked oligonucleotide composition perfectly matches the composition of the U1 snRNA T1 fragment from positions 29 to 34 of stem-loop I (5Ј-AUCACG-3Ј) (Fig. 5D) . Furthermore, the mass analysis revealed that the actual cross-linking site must be located at the 5Ј-end of the fragment (5Ј-AUCACG-3Ј) (Fig. 5 , B and C, mass peak a/b). This is consistent with the identification of U 30 being one of the cross-linking sites for the U1 70K protein as detected by immunoprecipitation combined with primer extension analysis (Fig. 2, B and C; see above) . Although the fraction analyzed contained the minor second tryptic peptide of the U1 70K protein ( 110 VNYDTTESKLR 120 ) cross-linked to U1 snRNA (see above), the corresponding cross-linked oligonucleotide could not be identified in this experiment because the major cross-linked complex in this fraction (RVLVDVER cross-linked to 5Ј-AUCACG-3Ј) obscured the minor complex in the mass spectrum.
In a similar experiment using chymotrypsin and RNase A for the generation of cross-linked peptide-oligonucleotide complexes, we could isolate and sequence an RP-HPLC fraction containing a predominant chymotryptic fragment of the U1 70K protein, 107 VARVNYDTTESKL 119 (data not shown). In absolute agreement with the data derived from the tryptic fragment, Tyr 112 was found by Edman degradation to be the actual site of cross-linking to the U1 snRNA in the chymotryptic fragment (data not shown). Fig. 6A shows the MALDI-MS analysis of the fraction. The mass peak designated as a (2492.7) corresponds to the mass of the peptide (VARVNYDTTESKL, [M ϩ H]ϩ ϭ 1495.8) cross-linked to a 3-mer oligonucleotide with the composition G 1 A 1 Y 1 (Fig. 6B) . The other mass peaks could not be assigned, but most probably correspond to contaminating minor peptides within the fraction already apparent in the Edman degradation. Mass peaks of cross-linked peptideoligonucleotide complexes shows a reduced intensity in com- FIG. 4 . N-terminal sequence analysis of the isolated U1 70K tryptic fragments cross-linked to U1 snRNA oligonucleotides. Both tryptic fragments eluted within the same fraction from the RP-HPLC column and hence were sequenced concomitantly. The analysis and identification of the Edman degradation products of cycles 1-11 of both peptides are shown. The first panel shows the elution profile of the phenylthiohydantoin-derivative standards (each 10 pmol) given in oneletter amino acid code. dptu is diphenylthiourea, which is an Edman degradation by-product. Amino acids corresponding to residues 1-11 are in boldface. The C-terminal arginine of the minor sequence could not be unambiguously identified and is therefore shown in parentheses. The N-terminal sequences of both peptides and their positions within the U1 70K protein sequence are listed. The phenylthiohydantoinderivatives of residue 3 (Leu 175 and Tyr 112 , respectively) are missing (designated as X), confirming these residues as amino acids cross-linked to the U1 snRNA (see "Results" for details).
parison with non-cross-linked peptides when measured under standard conditions for peptides. 2 RNA-protein cross-linking sites on the RNA in native UVirradiated snRNP particles.
U5 snRNA-Protein Cross-linking Sites within Native 25 S U4/U6.U5 Tri-snRNPs-We used our primer extension approach to investigate the U5 snRNA-protein interaction within native 25 S U4/U6.U5 tri-snRNP particles isolated from HeLa cells. Fig. 7A shows the primer extension analysis of U5 snRNA derived from cross-linked tri-snRNP particles (lanes 3 and 4) and of UV-irradiated naked U5 snRNA (lanes 1 and 2) . In comparison with the irradiated naked U snRNAs, primer extension analysis of U5 snRNA derived from UV-irradiated trisnRNP particles shows additional strong reverse transcriptase stops at U 41 to A 44 (Fig. 7A, lane 4) , corresponding to U 40 to U 43 within the highly conserved loop 1 being cross-linked (Fig. 7B) . Although stops at these nucleotides, in particular at U 40 and U 41 , were also present in the irradiated naked U5 snRNA, they were significantly increased (ϳ50-fold) in the irradiated trisnRNP sample (Fig. 7A, compare lanes 2 and 4) . This suggests that U 40 to U 43 are targets for RNA-protein cross-links within loop 1 of U5 snRNA. In addition, less strong RNA-protein cross-linking sites were observed at A 70 and U 72 in the 3Ј-half of IL1 ( Fig. 7A ; see also Fig. 7C for U5 snRNA sequence), corresponding to reverse transcriptase stops at C 71 and C 73 (Fig. 7A) . Weak stops were also observed at A 47 and in the 5Ј-half of IL2 (Fig. 7A) . At these sites, no stops were detectable on the irradiated naked U5 snRNA (Fig. 7A, compare lanes 2  and 4) , demonstrating that they are also due to RNA-protein cross-linking events.
To identify the U5-specific proteins cross-linked to these nucleotides within U5 snRNA, we applied our procedure of immunoprecipitation and primer extension to the UV-crosslinked tri-snRNP particles using antibodies specific for the 220-, 200-, 116-, and 40-kDa proteins (41) (42) (43) . These four proteins form a remarkably stable heteromeric protein complex in the absence of U5 snRNA (43) . Fig. 7B shows the results of the primer extension analysis of U5 snRNA after cross-linking of the tri-snRNP particles and immunoprecipitation of the 220-and 116-kDa proteins. Reverse transcriptase stops were exclusively detected in the UV-light irradiated sample that was subjected to immunoprecipitation with anti-220-kDa protein antibody (Fig. 7B, lane 2) . The stops observed after immunoprecipitation with the anti-220-kDa protein antibody are located at U 41 to A 44 ( Fig. 7B ), corresponding to cross-links to U 40 to U 43 within the highly conserved loop 1 of U5 snRNA. In addition, a weaker reverse transcriptase stop was observed at C 73 , corresponding to a cross-link to U 72 within the 3Ј-half of IL1 of U5 snRNA. No stops were detected within loop 1 and IL1 of U5 snRNA with anti-116-kDa protein antibody (Fig. 7B, lane  4) or anti-200-and anti-40-kDa protein antibodies (data not shown). This clearly demonstrates that within native trisnRNP particles, only the U5-specific 220-kDa protein is crosslinked to the four adjacent nucleotides within loop 1 as well as to U 72 within the 3Ј-half if IL1 of U5 snRNA (Fig. 7C) . The absence of any detectable full-length U5 snRNA transcript in either the irradiated (Fig. 7B, lanes 2 and 4) or non-crosslinked (lanes 1 and 3) samples shows that non-cross-linked U5 snRNA was not coprecipitated. After UV irradiation, only those U5 snRNAs were coprecipitated that were covalently attached to the 220-kDa protein via cross-links to nucleotides in either loop 1 or IL1 (Fig. 7C) . The low overall level of cross-linking yield argues against multiple cross-links occurring in one U5 snRNA molecule. Therefore, every nucleotide that causes a reverse transcriptase stop in this experiment represents an authentic cross-linking site for the 220-kDa protein. This situation is similar to that observed in the case of the U1 70K protein ( Fig. 2; see above) , where independent sites within the protein became cross-linked to neighboring nucleotides of stemloop I of U1 snRNA, thus causing apparently multiple reverse transcriptase stops.
DISCUSSION
In this study, we have employed a novel method involving UV cross-linking to investigate direct snRNA-protein interactions within native HeLa snRNP. To identify the exact sites of cross-linking of the proteins to the RNA, we developed an approach that combines immunoprecipitation of cross-linked proteins with primer extension analysis of the cross-linked RNA moiety.
To test the feasibility of our approach, we chose native U1 snRNP and tri-snRNP particles purified from HeLa cells. The primer extension analysis subsequent to immunoprecipitation identified multiple cross-linking sites of the U1 70K protein in U1 snRNA (G 28 Fig. 3 ). See "Results" and the legend to Fig. 5 for further details.
terminal sequencing and MALDI-MS of purified U1 70K peptide-oligonucleotide cross-links (Figs. 4 -6 ) provides an independent confirmation that each strong reverse transcriptase stop observed after immunoprecipitation is an authentic crosslinking site. Our approach can therefore be considered as a general approach suitable for the detection of single and/or multiple RNA-protein contact sites in a variety of different native UV-irradiated RNP particles.
Since no label for either the RNA or the protein moiety can be used in native particles, it is clear that our approach is not as sensitive as when labeled components are used; and therefore, more material is required. Despite the lower sensitivity, our approach has advantages over those that use reconstituted particles. First, purified native particles are stable and fully assembled and thus more homogeneous. Reconstitution of particles has been successfully used to increase the cross-linking yield by incorporation of site-specific cross-links. However, cross-linking of such particles depends on the efficiency of reconstitution, and incomplete or incorrect assembly can result in different subpopulations or false positives, which in turn complicate the interpretation of the complex cross-linking pattern. Second, primer extension analysis of the cross-linked RNAs subsequent to immunoprecipitation can reveal multiple contact sites between one protein and the RNA within one experiment. Thus, our approach allows the rapid and exact identification of RNA-protein cross-links.
In addition to its methodological importance, this work also contributes valuable information that helps in our understanding of the molecular organization of the U1 particle as well as that of U5 snRNP within the context of tri-snRNP. Previous deletion and mutation analyses demonstrated that the U1 70K protein directly and specifically interacts with stem-loop I of U1 snRNA via its RNA-binding domain (RBD) (11) (Fig. 8A) , requiring 8 of 10 bases (positions 28 -37) of the loop for binding (12, 13) . Our U1 70K protein cross-linking results (cross-linking of Tyr 112 and Leu 175 to G 28 and U 30 within stem-loop I, respectively) complement the previous studies and allow us to formulate a structural model to explain the U1 70K RBD interaction with stem-loop I of U1 snRNA. Based on a combination of a secondary structure prediction of the U1 70K RBD (11, 44) (Fig. 8A ) and crystallographic data of other RBD-containing proteins complexed with RNA (U1 A (18), U2 AЈ/U2 BЉ (21) , and Sxl (45)), we modeled a three-dimensional structure of the U1 70K RBD (SWISS-MODEL) (46) . In this model, the crosslinked amino acids are located in loop 1 (Tyr 112 ) and ␤-strand 4 (Leu 175 ) adjacent to the octamer consensus sequence motif present in ␤-strand 3 (11) (Fig. 8, A and B) . The side chains of the amino acids directly interact with nucleotides in U1 stemloop I separated by 1 base (Fig. 8B) . This site-specific interaction found in the U1 70K RNP is highly reminiscent of that observed in crystal structures of other RBD-containing proteins complexed with RNA. Thus, amino acids located in loop 1 and ␤-strand 4 of RBD-1 from the U1 A (18) and Sxl (45) polypyrimidine tract, respectively) (18, 45) . Our results therefore provide further evidence for the highly conserved nature of the RBD-RNA interactions.
In UV-irradiated tri-snRNP particles, we demonstrated that the predominant UV-induced cross-links occur between the U5 snRNP-specific 220-kDa protein and several nucleotides within the highly conserved loop 1 of U5 snRNA. In addition, we observed a weaker site of cross-linking of the 220-kDa protein to U 72 in the 3Ј-half of IL1 (Fig. 7) . Our cross-linking results from HeLa tri-snRNP complement and extend previous cross-linking studies of U5 snRNPs reconstituted in vitro within yeast nuclear extracts (28) . In these studies, the 220-kDa yeast homologue Prp8p was found to be cross-linked mainly to loop 1 of U5 snRNA. Additional sitespecific cross-linking sites for Prp8p were also identified in the 3Ј-half of IL1 (corresponding to IL2 in the yeast nomenclature) and for nucleotides in the 5Ј-and 3Ј-halves of IL2 (corresponding to yeast IL1). In our studies, we further observed RNAprotein cross-linking sites within the 5Ј-half of IL2 of U5 snRNA. Due to their low abundance, we were not able to identify the U5 or tri-snRNP(s) involved in these or the other weak RNA-protein cross-linking sites observed (to U 46 and A 70 ; see "Results"). In yeast, the U5 snRNP-specific Snu114p was found to be cross-linked to the 5Ј-half of IL2 (yeast IL1) (28) . We did not identify the Snu114p human homologue, the U5 116-kDa protein, within any cross-linked products. A possible explanation for the different 116-kDa protein/Snu114p crosslinking pattern may be that yeast U5 snRNP assumes a different RNP conformation than HeLa U5 snRNP, possibly due to the additional variable stem-loop in yeast that is located close to the cross-linking site of Snu114p.
Taken together, our 220-kDa protein cross-linking data suggest that, similar to the situation in yeast, multiple 220-kDa protein regions directly contact U5 snRNA and that the human 220-kDa protein spans the entire 5Ј-stem-loop of U5 snRNA.
Thus, not only is the 220-kDa protein evolutionarily highly conserved between yeast and man, but also its interactions with the U5 snRNA within U5 snRNPs.
The fact that the highly conserved loop 1 of U5 snRNA extensively contacts the 220-kDa protein (with U 40 to U 43 being cross-linked to this protein (see Fig. 7) ) deserves special attention for the following reasons. First, it has been shown within both the yeast and mammalian in vitro splicing systems that deletion of loop 1 has no effect on the first catalytic step of splicing (47, 48) . Additionally, loop 1 is dispensable for the second catalytic step of splicing within the mammalian splicing system (48) . These results suggest that, under certain conditions, loop 1 is not absolutely required for splicing and that other spliceosomal factors can compensate for it when it is absent. The extended interaction surface between loop 1 and the 220-kDa protein, observed in our experiments, reinforces the idea that the 220-kDa protein substitutes for the function of loop 1 in exon alignment prior to the second catalytic step of splicing when loop 1 is deleted (48) . Second, since loop 1 and the 220-kDa protein/Prp8p can be cross-linked to equivalent positions at the 5Ј-and 3Ј-splice sites in HeLa cells as well as in the yeast system (49 -51) , it has been hypothesized that one role of the protein is the stabilization of the loop 1-pre-mRNA interaction throughout the splicing reaction (50) . The fact that at least two of the nucleotides that we identified here as crosslinking sites for the 220-kDa protein, namely U 40 and U 41 , are identical to those found cross-linked to the 5Ј-splice site and adjacent to the 3Ј-splice site in both splicing systems (52, 53) lends support to the proposed function of the protein in exon alignment.
Cross-linking and genetic studies of the 220-kDa protein and its yeast homologue indicate a functional interaction of the carboxyl-terminal region of the protein and the 5Ј-splice site as well as the 3Ј-splice site in the catalytic center (54 -56). Accordingly, the exact localization of the region of the 220-kDa protein that is involved in the observed extended interaction with loop 1 of U5 snRNA (e.g. according to the methods outlined above for the U1 70K protein) will be important, as it allows us to gain further insight into the functional and/or structural domains of the protein that are close to or within the catalytic center of the spliceosome. As it has recently been shown that Prp8p also directly interacts with U6 snRNA (29) and seems to stabilize tertiary interactions of the 5Ј-splice site, the 3Ј-splice site, and U6 snRNA prior to the second step of splicing (57) , it would thus be interesting to see whether distinct protein regions or domains might have distinct functional features.
